Based on studies of the transcription inhibitor 5,6-dichloro-1-␤-D-ribobenzimidazole (DRB), it was proposed that transcription elongation by RNA polymerase II (Pol II) in animal cells is controlled a short distance downstream from the transcription start site by the opposing actions of positive and negative elongation factors, dubbed P-TEF and N-TEF, respectively (36) . Biochemical analyses resulted in a model for regulation of transcription elongation in the promoter-proximal region (42) . Acting as N-TEFs, the proteins NELF and DSIF associate with the Pol II elongation complex to inhibit elongation (57, 64) . This inhibition is overcome by a kinase called P-TEFb (37) . P-TEFb phosphorylates Pol II, DSIF, and NELF to alleviate the inhibitory action of NELF and DSIF, thus allowing Pol II to productively transcribe a gene. Inhibition of transcription elongation by DRB is currently ascribed to its ability to inhibit P-TEFb. P-TEFb, DSIF, and NELF are likely to affect transcription of many genes, since inhibitors of P-TEFb repress transcription of over half of the genes in animal cells (10, 30) .
The vast majority of studies of transcriptional regulatory mechanisms have emphasized the importance of proteins involved in the recruitment of Pol II to a promoter. Early studies with animal cells, however, provided evidence that transcriptional regulation of some genes occurs at a stage after Pol II initiates transcription (51, 55) . The best-studied example is hsp70 in Drosophila melanogaster (33) . hsp70 is rapidly and dramatically induced in response to heat shock. Chromatin immunoprecipitation (ChIP) experiments first detected Pol II in the promoter region of this gene prior to induction (19) , and subsequent studies established that Pol II initiates transcription but pauses in the region 20 to 40 nucleotides downstream from the transcription start site (17, 48, 50) . NELF and DSIF cause Pol II to pause in the promoter-proximal region of hsp70 (59, 61) .
Induction of hsp70 relies on two proteins, GAGA factor and HSF, that bind upstream from the core promoter region (35) . GAGA factor functions before heat shock in establishing the paused Pol II and a promoter architecture conducive to binding by HSF (31, 52) . Heat shock rapidly induces HSF to associate with hsp70 (5) . This leads to P-TEFb being recruited to hsp70, thus providing a mechanism for alleviating NELF-mediated inhibition (34) . Notably, the HSF activation domain appears to be unable to activate transcription without the prior action of the GAGA factor (58) . Thus, induction of hsp70 relies on two types of sequence-specific DNA binding proteins, namely, GAGA factor, to promote initiation and establish the transcriptional potential of the gene, and HSF, to promote both release of transcriptionally engaged Pol II and rapid reinitiation.
Recent genome-wide analyses of the distribution of Pol II indicate that Pol II is concentrated in the promoter regions of thousands of genes, even though many of these genes appear to be transcribed infrequently or quiescent (23, 38, 66) . Hence, transcriptional control targeting a step after initiation may be far more common than previously known. To increase our understanding of promoter-proximal pausing, we analyzed the distributions of NELF and GAGA factor in Drosophila cells by using ChIP-microarray chip (ChIP-chip) analysis. We also examined the association of Pol II at numerous promoters by using permanganate genomic footprinting to assess the relationship between NELF, GAGA factor, and promoter-proximal pausing. Our findings link NELF and GAGA factor to promoter-proximal pausing at many genes and suggest that NELF-directed pausing of Pol II may represent a widespread checkpoint during the transcription cycle.
MATERIALS AND METHODS
Microarray analysis of DNA isolated by ChIP. ChIP-chip analyses of NELF-B, NELF-E, and GAGA factor were carried out with Schneider 2 cells. DNA cross-linked to proteins was isolated by immunoprecipitation as previously described (59) .
The NELF-B and -E samples were analyzed by the Berkeley Drosophila Transcription Network Project. The ChIP and control ChIP DNA samples, along with DNAs purified from input chromatin samples, were amplified using a modified random prime-based PCR amplification protocol. The amplified DNAs were fragmented with DNase I, biotinylated, and hybridized to Affymetrix Drosophila Tiling 1.0F arrays. The ChIP-chip data were analyzed using TiMAT programs developed by the Berkeley Drosophila Transcription Network Project (http://bdtnp.lbl.gov/TiMAT/TiMAT2/index.html). Peaks of NELF were located using Mpeak (27) . All parameters for Mpeak were set at the default, except for "largest search range," which was reduced to 1.0 kb. This change was made because the sonicated DNAs generated for ChIP were in the size range of 0.3 to 1.0 kb. The GAGA factor ChIP DNA was analyzed by the Penn State Cartography Project. DNA cross-linked to GAGA factor was isolated by immunoprecipitation as previously described (59) . The GAGA factor ChIP and mock ChIP (preimmune GAGA factor serum) DNA samples were amplified by ligation-mediated FIG. 1. Comparison of the distributions of NELF and paused Pol II. In each panel, the bar graphs for NELF-E and NELF-B represent ChIP signals at individual probe coordinates. Regions lacking bars represent no statistically significant signal above the preimmune control signal. The MnO 4 Ϫ graph in each panel is derived from SAFA analysis (13) of the permanganate footprinting data shown in Fig. 3 . The enhancement in permanganate reactivity that occurred in cells was determined by subtracting the band intensities for naked DNA from the corresponding band intensities obtained for treated cells. The regions analyzed by permanganate footprinting are limited to regions of approximately 100 nucleotides. The graphs were aligned with each other and with an annotated view of the corresponding region of the genome by using the UCSC browser. Numbers at the top of each panel designate coordinates on the chromosome indicated to the left of the panel. CG14709, CG5807, and CG31531 are examples where the densities of NELF are significantly elevated in a 500-to 1,000-base-pair region at the 5Ј end of a gene. Bap170, Cctgamma, and Nipsnap are examples where the densities of NELF are above a 1% false discovery rate but evenly distributed over 2 to 3 kb; no permanganate footprint was evident in these promoter regions (Fig. 3) . The solid horizontal bars delineate transcription units, and the arrowheads indicate the direction of transcription. Results for 59 regions are provided in File S1 in the supplemental material.
VOL. 28, 2008 PROMOTER-PROXIMAL PAUSING IN DROSOPHILA 3291 PCR (24) . Using a GeneChip WT (whole transcript) double-stranded DNA terminal labeling kit (Affymetrix), the amplified DNA containing dUTP was fragmented with uracil DNA glycosylase and apyrimidinic/apurinic endonuclease, biotinylated, and finally hybridized to Affymetrix Drosophila Tiling 1.0R arrays. Signal analysis, interval analysis, and peak calling were performed using software for model-based analysis of tiling arrays (26) . A bandwidth and maximum gap value of 150 bp was used for the interval analysis. Peaks were called using a 1% false discovery rate threshold. Analysis of tabulated information. The probe intensities from the microarray analysis were obtained in tabulated form (see Files S2, S3, and S4 in the supplemental material). Analysis of tabulated data was done using tools provided at the Penn State Galaxy website (http://g2.trac.bx.psu.edu/) to evaluate the relationship between the locations of protein peaks and transcription start sites (see Fig. 2 ) and to identify genes associated with protein peaks (see Fig. 5 and 7 ; also see File S6 in the supplemental material). Galaxy was also used to prepare and transfer tabulated data for viewing in the UCSC browser (http://genome.ucsc .edu/). The chi-square test function in Excel was used to calculate P values associated with the Venn diagrams (65) .
Permanganate genomic footprinting. Drosophila S2 cells (serum-free medium [SFM]-adapted D.mel-2 cells; Invitrogen) (2 ml) in a six-well plate containing Drosophila-SFM supplemented with 90 ml/liter of 200 mM L-glutamine were grown to a density of approximately 5 ϫ 10 6 cells/ml at 25°C. The medium was removed, and the plate was placed on ice. Cells were treated with permanganate by adding 800 l of ice-cold 10 mM KMnO 4 dissolved in phosphate-buffered saline (PBS) and incubating them for 60 seconds. The reactions were stopped by the addition of 200 l of 5ϫ stop solution (50 mM Tris-Cl, pH 7.5, 50 mM NaCl, 50 mM Na 2 EDTA, pH 8.0, 2.5% sodium dodecyl sulfate, 1 M 2-mercaptoethanol). The cell lysate was transferred to a 1.5-ml tube and then incubated overnight at 37°C with 50 g of proteinase K. Samples were extracted twice with phenol-chloroform-isoamyl alcohol (25:24:1), and the permanganate cleavage pattern was analyzed as previously described (8) .
To prepare permanganate-treated naked DNA and GA markers, cells were treated with 800 l of PBS followed by 200 l of 5ϫ stop solution. DNA was purified as described above. One microgram of DNA was diluted to a final volume of 100 l with cold PBS. DNA samples were treated with 100 l of 20 mM KMnO 4 in PBS on ice. Individual samples were incubated with permanganate on ice for 0, 30, or 60 seconds and then stopped by the addition of 200 l of 2ϫ stop solution. DNA was ethanol precipitated and dissolved in 90 l of water. GA markers were generated as previously described (8) .
Primers and annealing temperatures used in the ligation-mediated PCR analyses are listed in File S8 in the supplemental material.
Microarray data accession number. The raw and processed microarray data were submitted to ArrayExpress (www.ebi.ac.uk/arrayexpress/) under accession number E-MEXP-1547.
RESULTS
Peaks of NELF are detected near the promoters of 2,111 genes. High-density Affymetrix tiling microarrays were used to analyze two independent DNA samples (biological replicates) that had been isolated by ChIP from Drosophila cells with antisera against the B and E subunits of NELF. Figure 1 shows three cases where NELF is concentrated near the transcription start site and three cases where it is more evenly distributedinspection of all of the data reveals a continuum between these extremes (see Files S2 and S3 in the supplemental material). NELF-B and NELF-E were each detected in over 4,000 separate regions, with a 1% false discovery rate. At least 80% of the NELF-B and NELF-E regions overlap with each other by a minimum of 1 kb, consistent with the two functioning as part of a complex ( Fig. 2A) . The Mpeak algorithm (27) was used to identify regions with concentrated peaks of NELF. Most peaks of NELF-B and NELF-E mapped to within 500 base pairs of an annotated transcription start site (Fig. 2B) . A total of 2,111 genes were found to have peaks of both NELF-B and NELF-E within 500 base pairs of the start site (see Fig. 5C ; see also File S6 in the supplemental material).
Inspection of the peaks located farther than 500 base pairs from a start site did not reveal any obvious relationship to other aspects of genes, such as sites of RNA processing. Recently, NELF was shown to be involved in 3Ј-end processing of the nonpolyadenylated histone mRNAs (41) . Since repeated genes like histone genes were not included on the microarray, we could not analyze NELF's relationship to these genes. For single-copy sequences, there was no indication that NELF peaked near the 3Ј ends of genes, although low levels of NELF can be detected at the ends of some genes. Paused Pol II is frequently located near peaks of NELF. To determine if peaks of NELF contained paused Pol II, we experimentally interrogated a subset of cases by using permanganate genomic footprinting (8) . The genes were chosen based on inspection of the ChIP-chip data, selecting mainly NELFenriched genes but also several NELF-deficient controls. Permanganate reacts preferentially with thymines in the singlestranded transcription bubble associated with transcriptionally engaged Pol II. Since some thymines in double-stranded DNA and NELF-E (n ϭ 2,987) peaks were located using Mpeak. Note that there are fewer peaks than regions (A) because many regions lack a discernible peak of NELF. are hyperreactive in the absence of protein, the patterns of permanganate reactivity occurring in cells were compared to the patterns of reactivity occurring in purified DNA. Figure 3 shows results for the six regions presented in Fig. 1 , and results for a total of 59 different regions, along with ChIP-chip data, are provided in File S1 in the supplemental material. Forty-six of the 59 regions analyzed had a clearly discernible permanganate footprint, and all 46 footprints were located within 500 base pairs of a NELF peak. This is clearly exemplified by aligning the pattern of permanganate reactivity with the ChIPchip data ( Fig. 1 ; see File S1 in the supplemental material) and suggests that paused Pol II colocalizes with NELF. Interestingly, we found 10 cases of those interrogated where no permanganate footprint was evident even though NELF was present (Bap170, Cctgamma, and Nipsnap are examples shown in Fig. 1 , and the remainder are shown in File S1 in the supplemental material). ChIP-chip data for Pol II from the work of Muse et al. (38) show that various levels of Pol II are present at the promoter regions of all 10 of these genes. A possible explanation for this discrepancy is that Pol II does not reach a sufficient concentration in a restricted region of these genes to be detected with permanganate.
Transcription bubbles are concentrated in the region 20 to 50 nucleotides downstream from an initiator element. The locations of the permanganate footprints were analyzed because these locations could have important implications concerning the mechanism of the pause. When we aligned permanganate footprints relative to annotated transcription start sites, designated by thick blue vertical lines in Fig. 4A , the edge of each footprint closest to the start site was at least 15 nucleotides downstream from the start site for 36 of 46 cases. A distance of 15 nucleotides corresponds to Pol II molecules having transcribed at least 26 nucleotides, given that the size of the transcription bubble is 12 nucleotides and the 3Ј end of the nascent transcript is located 1 nucleotide behind the leading edge of the bubble (21, 28) .
The locations of the permanganate footprints for several cases seemed unusual. The annotated start sites of CG6014, 4B ; see File S7 in the supplemental material) (genes with this conserved motif are marked with asterisks in Fig. 4A ). The conserved nucleotides in the regions designated Ϫ2 to 4 and 28 to 32 resemble the previously identified initiator element (Inr) and downstream promoter element (DPE), which are recognized by TFIID (7, 44, 54) and are shown in Fig. 4C . In Drosophila, transcription usually begins at or near the conserved adenine in the Inr (16) . We surmise that the unusually positioned permanganate footprints resulted from Pol II molecules that used a nearby Inr to initiate transcription. In support of this, we confirmed that transcription initiates in vitro within the Inr of CG14709 (data not shown), and the transcription start site for Tollo was previously mapped to the Inr (32).
To measure where Pol II typically resides when paused on a promoter, we plotted the frequency of reactive thymines as a function of the distance from the adenine in the initiator. The start site proximal edge of the composite footprint begins approximately 20 nucleotides from the transcription start site and extends for approximately 30 nucleotides (Fig. 4D) .
GAGA factor frequently colocalizes with paused Pol II and NELF. Our MEME analysis of sequences encompassing the permanganate footprints identified another conserved sequence called the GAGA element (Fig. 5A) . Twenty-seven of the 46 promoters with permanganate footprints contained at least one GAGA element within regions spanning from 200 bp upstream to 100 nucleotides downstream of the Inr elements shown in Fig. 4A (designated with the symbol "#"). GAGA factor has been implicated in promoter-proximal pausing on hsp70 (31, 52, 58) .
To assess the relationship between GAGA factor, NELF, and paused Pol II, we determined GAGA factor's distribution across the entire genome by using ChIP-chip analysis. GAGA factor was detected at 2,907 regions, with a false discovery rate of 1%. Figure 5B displays examples of the locations of GAGA factor along with the locations of NELF-B and permanganate footprints, and the remaining cases that were also analyzed with permanganate are provided in File S1 in the supplemental material. We selected tai as one example because this region is approximately 9 kb downstream from the annotated start site. The presence of NELF, GAGA factor, paused Pol II, and a conserved initiator element indicates that this is probably a promoter. Like its mammalian counterpart (43), D-fos has paused Pol II, and this could be linked to the presence of GAGA factor. Most of the places where we detected paused Pol II by permanganate footprinting (40/46 cases) were within 1 kb of a peak of GAGA factor.
To assess the potential link between GAGA factor and NELF, we compared the genes with a peak of GAGA factor within 1 kb of the transcription start site to genes with NELF-B and NELF-E peaks within 500 base pairs of the transcription start (Fig. 5C) . A total of 2,111 genes were found to associate with both NELF-B and NELF-E, and 39% of these genes were found to associate with GAGA factor. Thus, GAGA factor is detected near a significant number of NELF-associated genes (P Ͻ 10 Ϫ300 ). The relationship between NELF, pausing, and gene expression levels. Since NELF inhibits transcription elongation, we anticipated that it might correlate with transcriptional repression. To address this possibility, we ranked approximately 14,000 genes according to their previously determined levels of expression (49) and binned them in 10 percentile increments. Next, the percentage of genes in each bin that had NELF located within 500 bp was determined. The frequency of genes associated with NELF increased as the level of expression increased (Fig. 6) . Surprisingly, almost half of the genes expressed above the 90th percentile appeared to associate with NELF. In accordance with this trend, 22 of 46 genes exhibiting a permanganate footprint were ranked in the top quartile for expression, while only 3 of the 46 were ranked in the bottom quartile (data not shown). Given that NELF is a negative regulator of elongation and its association correlates with pausing, these results indicate that pausing could be an integral but transient part of the transcription cycle.
DISCUSSION
Approximately 2,000 genes have NELF at the 5 end, and many of these genes are likely to have paused Pol II. We identified 2,111 genes in the Drosophila genome that had peaks FIG. 4 . Sequence conservation and alignment of permanganate footprints with initiator elements. (A) Schematics of regions encompassing permanganate footprints were aligned relative to putative initiator elements. The putative initiator elements matched at least four of five positions of previously characterized Drosophila initiator elements (9, 32) . Those tagged with an asterisk contain the conserved motif shown in panel B. Those tagged with the symbol "#" contain the conserved GAGA element displayed in Fig. 5A . Three of the promoters (scyl, ␤1-tubulin, and hsp26) lack the conserved initiator, so they were aligned on the annotated start site. The annotated start sites from FlyBase are marked with thick blue vertical lines; note that several cases do not align with an initiator element. Those cases lacking a thick blue line have annotated transcription start sites that fall outside the illustrated region. Black vertical lines mark the locations of hyperreactive thymines that constitute the permanganate footprint, and red vertical lines mark the positions of the remaining thymines. (B) Conserved element detected in the vicinity of the permanganate footprints (MnO 4 Ϫ footprint-linked conservation). Sequence conservation was based on the MEME results shown in File S7 in the supplemental material and displayed using WebLogo (http://weblogo.berkeley.edu/). P values for regions containing this motif were 5 ϫ 10 Ϫ7 or lower. Fig. 5C ; see File S6 in the supplemental material). The broad distribution of NELF throughout the genome revealed by ChIP-chip analysis is in excellent agreement with the broad distribution detected on Drosophila polytene chromosomes (59, 61) . The close association of NELF with promoter regions raises the possibility that NELF is involved in the expression of many genes. We investigated the relationship between NELF and paused Pol II by performing permanganate genomic footprinting on the promoter regions of 58 genes and one region that exhibited an obvious peak of NELF located 9 kb downstream from the annotated start site. Of 56 NELF-associated genes, 46 had a clearly discernible footprint (see File S1 in the supplemental material). Our results can be extrapolated to predict the number and identity of genes that are likely to have Pol II paused in the promoter-proximal region. NELF-associated genes were ranked according to the level of NELF reflected by the Mpeak value. Forty-four of the genes we analyzed are within the collection of genes with the top 1,000 Mpeak values, and 42 of these had permanganate footprints. Thus, these top 1,000 genes represent cases where we anticipate detection of paused Pol II with permanganate.
Comparison of our data with recent Pol II ChIP-chip data obtained for Drosophila S2 cells provides another measure of the relationship between NELF and promoter-proximal pausing. Muse et al. (38) identified 5,403 genes with Pol II, and the majority of these had Pol II concentrated at the 5Ј end. Based on the unusually high density of Pol II found at the 5Ј end, 1,014 genes were judged to have stalled Pol II at the 5Ј end. (Fig. 4) indicates that this could be a transcription start site. (C) Venn diagram displaying the relationships between genes associated with NELF-B, NELF-E, and GAGA factor. Separate lists were compiled for genes that had a peak of NELF-B or NELF-E within 500 base pairs of the transcription start site or of GAGA factor within 1,000 base pairs of the transcription start site (see File S6 in the supplemental material). These Pol II were described as stalled rather than paused because there is uncertainty in the conformation of the elongation complex (see Discussion in the work of Muse et al. [38] ). Nevertheless, since these conformations are related to pausing, the relationships between genes with NELF, GAGA factor, and stalled Pol II were assessed. Thirty-nine of the 46 genes with permanganate footprints were found among the genes with stalled Pol II, indicating that a significant portion of the stalled Pol II are indeed transcriptionally engaged in the promoter-proximal region. The Venn diagram in Fig. 7 shows the concordance between our NELF-associated genes and those with stalled Pol II. Eighty percent of the genes with stalled Pol II coincide with our NELF-associated genes. Collectively, the data indicate that the presence of NELF, the presence of paused Pol II, and the presence of stalled Pol II are linked to each other. The interdependence of these gene features is further supported by the finding that the distribution of Pol II was altered on 115 of 200 genes with stalled Pol II when NELF was depleted with RNA interference (38) .
Importantly, it is also evident that pausing is not dictated solely by NELF. We detected 10 genes that lacked a permanganate footprint yet clearly associated with NELF. Muse et al. (38) observed that 85 of 200 genes with stalled Pol II displayed no significant change in the distribution of Pol II when NELF was depleted with RNA interference. It is noteworthy that NELF slows but does not stop elongation in vitro (11, 64) . Thus, the density of Pol II in the promoter-proximal region is probably influenced by additional factors. These could include gene-specific factors that influence initiation rates and the duration of the pause. Chromatin structure could impede elongation, as appears to be the case for hsp70 in human cells (6, 12) . Some cases could involve Pol II in a preinitiated state, as observed by Dellino et al. (14) . Other cases could involve premature termination, as observed by Zhang et al. (68) . Further analysis of individual genes is necessary to explore these possibilities.
NELF associates with highly expressed genes. Based on previous work (1, 2, 61), we anticipated that NELF would repress transcription. Surprisingly, we observed that approximately 80% of the NELF-associated genes were among the upper half of genes ranked by expression level (Fig. 6) . Almost one-half of the genes above the 90th percentile in expression associated with NELF. In addition, 35 of the 46 genes for which we detected a permanganate footprint ranked in the top 50th percentile for expression.
As proposed by Sims et al. (53) , NELF could function as a checkpoint during an early stage in elongation. The delay in elongation could allow time for both elongation factors and RNA processing factors to associate with Pol II. The checkpoint could also serve to attenuate the level of expression of some genes whose expression levels might otherwise be too high for the biological functions of the genes. This has been proposed for some estrogen-induced genes, wherein the estrogen receptor appears to recruit NELF at the same time that it is activating transcription (2) .
Many genes with paused Pol II and NELF associate with GAGA factor. The Venn diagram in Fig. 7 shows that GAGA factor associates with a significant number of genes that associate with NELF or a stalled Pol II. GAGA factor was previously implicated in pausing Pol II on hsp70 (31, 52) . GAGA factor interacts with TFIID, the chromatin remodeling factor NURF, and the histone chaperone FACT (20, 39, 62) . Thus, GAGA factor could function in initiation by recruiting TFIID and by establishing a nucleosome-free region that allows access of the transcription machinery to the promoter. It is unclear if GAGA factor directly impacts elongation. Pausing could be a default outcome of GAGA factor's inability to overcome the action of NELF, possibly because it does not recruit P-TEFb to the gene.
Approximately 40% of the GAGA factor-associated genes do not associate with NELF (Fig. 7) . More investigation is needed to determine what GAGA factor does at these genes. GAGA factor associates with polycomb response elements (25) , which are involved in transcription repression, so GAGA factor could be involved in organizing a repressive chromatin structure that blocks transcription initiation.
Six genes for which we detected a permanganate footprint lack GAGA factor, and approximately one-half of the genes identified by Muse et al. (38) lack GAGA factor (Fig. 7) . This raises the possibility of the existence of other sequence-specific DNA binding proteins that function similarly to GAGA factor. These could be proteins that participate in initiation but are unable to directly impact elongation. Such proteins were previously implicated in an earlier study (4) , but a direct link to promoter-proximal pausing and NELF remains to be investigated.
NELF-associated genes with paused Pol II are enriched for a combination of TFIID binding sites. DNA sequence analysis of the regions encompassing the permanganate footprints of 46 genes identified a 35-nucleotide region with three conserved patches of nucleotides, centered at positions ϩ1, ϩ18, and ϩ29 relative to known or putative transcription start sites. These conserved patches align with three contacts made by TFIID in the first 30 nucleotides of the hsp70, hsp26, and histone H3 genes (44, 45) , strongly suggesting that the three conserved patches are recognized by TFIID. This conclusion is further supported by the similarity between the sequences of the initiator and DPE, which are recognized by TFIID (7, 44), and FIG. 7 . Relationships between NELF-associated genes, GAGA factor-associated genes, and genes with stalled Pol II. NELF-associated genes are those genes that have both NELF-B and NELF-E peaks within 500 bp of the transcription start. GAGA factor-associated genes were identified as described in the legend to Fig. 5 . Genes with stalled Pol II were identified by Muse et al. (38) . Only 983 of the 1,014 genes with stalled Pol II could be matched up with our set of 13,745 genes. File S6 in the supplemental material provides a list of genes with associated factors. the sequences centered at positions ϩ1 and ϩ29 in our conserved element (compare Fig. 4B and C) . While it is not surprising for the promoters with paused Pol II to have TFIID binding sites, it is unusual to have such a large proportion of promoters with multiple binding sites. Statistical analysis of 3,393 nonredundant Drosophila promoters revealed that only 12% of the promoters contained an Inr and a DPE (16), whereas we found this combination in 61% (28/46 cases) of the cases with paused Pol II. These two regions, in combination with a third conserved patch of nucleotides near position ϩ18, further distinguish this collection of promoters with paused Pol II from the rest of the promoters in the genome.
The combination of TFIID contacts in the regions at positions ϩ1, ϩ18, and ϩ29 could contribute to pausing by increasing the affinity of TFIID for the core promoter region, thus shifting the rate-limiting step from the binding of TFIID to a subsequent step, such as promoter-proximal pausing. In addition, the contacts of TFIID downstream from the transcription start might help to establish a promoter architecture that is conducive to pausing. DNase I footprinting and UV crosslinking analyses showed that TFIID contacts DNA as far as 45 nucleotides downstream from the transcription start (56, 60) .
Pol II pauses in the region 30 to 50 nucleotides from the start site of NELF-associated genes, but the pause does not appear to be dictated by sequence-specific nucleic acid contacts with the elongation complex. Our permanganate footprinting results indicate that Pol II pauses after transcribing approximately 30 to 50 nucleotides. This agrees well with highresolution mapping of nascent transcripts associated with paused Pol II on the hsp70 and hsp27 genes (47) and with the locations of permanganate footprints detected on several other genes (1, 18, 29, 43, 67) . Because the footprints at several different promoters extend further than the size of a bubble associated with a single Pol II molecule, the location of the paused Pol II must often be heterogeneous. This also agrees with previous results for the hsp70 and hsp27 genes (47) .
The distance where Pol II begins to pause downstream from the start site is similar to the distance where NELF was found to inhibit elongation in a cell-free system (64) . This strengthens our conclusion that NELF is involved in concentrating Pol II in the promoter-proximal region. Moreover, our results fit well with a proposed pausing mechanism in which the NELF-E subunit associates with the nascent transcript and slows elongation by restricting the extrusions of the nascent transcript from the elongation complex (40) . This model requires that Pol II transcribe at least 18 nucleotides so that the transcript is exposed outside the elongation complex (22) .
The location of paused Pol II provides a landmark for sequence comparisons directed at identifying sequences involved in promoter-proximal pausing. The location where Pol II pauses does not correlate with conserved sequences or conserved RNA structures. The conserved element that is likely to be recognized by TFIID is located various distances from where Pol II pauses, so it seems unlikely that this element directly influences Pol II. Mfold analyses (69) of the portions of nascent transcripts that would be exposed from the elongation complexes failed to detect evidence of substantial secondary structure.
We propose that NELF's interaction with the nascent transcript associated with paused Pol II is independent of sequence and RNA secondary structure. NELF was previously shown to associate with a variety of RNAs, including some with substantial secondary structure and some without it (63). Our conclusion contrasts with studies of the human immunodeficiency virus (HIV) provirus, for which sequence-specific association of NELF-E with the TAR element has been detected and is thought to control elongation (15, 46) . Recent analysis of an HIV provirus, however, indicates that NELF associates with the elongation complex and causes Pol II to pause at position ϩ45, well before the TAR element has been transcribed and well within the range where we find Pol II pausing on Drosophila genes (67) .
Transcriptional control in animal cells. Knowledge of transcriptional control is based largely on studies with yeast and cell-free systems. These studies have tended to emphasize the regulation of transcription initiation. New data provided by genome-wide analyses of Pol II significantly increase the number of genes whose transcription appears to be controlled after initiation in animal cells (23, 38, 66) . Thus, a full understanding of transcriptional control in animal cells requires investigation of molecular events occurring both before and after initiation in the promoter regions. Knowledge of the genome-wide distribution of NELF and GAGA factor combined with recent data on the distribution of Pol II provides a foundation for future studies of promoter-proximal pausing in Drosophila.
